Centromeres are composed of long arrays of satellite repeats in most multicellular eukaryotes investigated to date. The satellite repeat-based centromeres are believed to have evolved from "neocentromeres" that originally contained only single-or low-copy sequences. However, the emergence and evolution of the satellite repeats in centromeres has been elusive. Potato (Solanum tuberosum) provides a model system for studying centromere evolution because each of its 12 centromeres contains distinct DNA sequences, allowing comparative analysis of homoeologous centromeres from related species. We conducted genome-wide analysis of the centromeric sequences in Solanum verrucosum, a wild species closely related to potato. Unambiguous homoeologous centromeric sequences were detected in only a single centromere (Cen9) between the two species. Four centromeres (Cen2, Cen4, Cen7, and Cen10) in S. verrucosum contained distinct satellite repeats that were amplified from retrotransposon-related sequences. Strikingly, the same four centromeres in potato contain either different satellite repeats (Cen2 and Cen7) or exclusively single-and low-copy sequences (Cen4 and Cen10). Our sequence comparison of five homoeologous centromeres in two Solanum species reveals rapid divergence of centromeric sequences among closely related species. We propose that centromeric satellite repeats undergo boom-bust cycles before a favorable repeat is fixed in the population.
INTRODUCTION
The centromere is a specialized chromosomal domain where the kinetochore is assembled and is defined by the presence of the centromere-specific histone H3 variant cenH3 (CENP-A in human) (Henikoff et al., 2001) . The function of the centromere is conserved in all eukaryotes. By contrast, centromeric DNAs are among the most rapidly evolving sequences in eukaryotic genomes (Bensasson, 2011) . Centromeres in many plant and animal species are composed of long arrays of satellite repeats and/or retrotransposonrelated repetitive sequences (Henikoff et al., 2001; Jiang et al., 2003) . Centromeric repeats appear to evolve rapidly (Melters et al., 2013) . For example, rice (Oryza sativa) centromeres contain a 155-bp satellite repeat CentO (Dong et al., 1998; Cheng et al., 2002b) and CRR (Centromeric Retrotransposon of Rice) elements (Cheng et al., 2002b; Nagaki et al., 2005) . The centromeres of Oryza brachyantha, a wild species diverged from rice for ;15 million years (Ammiraju et al., 2008) , contain a 156-bp satellite repeat CentO-F (Lee et al., 2005; Yi et al., 2013) , which shares no sequence similarity with CentO, and a centromere-enriched retrotransposon FRetro3 (Gao et al., 2009 ), which does not belong to the centromeric retrotransposon family and was detected in both centromeric and pericentromeric regions. Thus, the centromeres of these two species are composed of completely different repetitive DNA sequences.
Many existing centromeres are believed to have originated as neocentromeres that activated de novo from noncentromeric regions by acquiring cenH3/CENP-A (Kalitsis and Choo, 2012; Rocchi et al., 2012) . Most newly formed neocentromeres are associated with gene "desert" regions and do not contain satellite repeats (Marshall et al., 2008; K. Wang et al., 2014) . The evolutionarily new centromeres presumably accumulate satellite repeats and/or retrotransposons during evolution and eventually become repeat-based centromeres (Yan et al., 2006; Kalitsis and Choo, 2012) . However, there is very limited information on this presumed transition from a neocentromere to a mature centromere. In particular, we have little knowledge regarding the emergence and survival of novel centromeric satellite repeats in evolutionarily new centromeres. These evolutionary questions cannot be readily addressed in most model higher eukaryotes in which centromeres are occupied by a single family of satellite repeats because the DNA sequence of individual centromeres cannot be sequenced, tracked, and compared among related species.
We recently reported that the centromeres of potato (Solanum tuberosum) chromosomes are unique in DNA composition (Gong et al., 2012) . Six of the 12 potato centromeres (Cen1, Cen2, Cen3, Cen5, Cen7, and Cen8) contain megabase-sized arrays of satellite repeats that are distinct to each of these six centromeres. By contrast, five potato centromeres (Cen4, Cen6, Cen10, Cen11, and Cen12) are composed of single-and low-copy DNA sequences, and no satellite repeats were detected in these centromeres. Thus, these five potato centromeres structurally resemble neocentromeres. The remaining centromere, Cen9, contains both single-copy sequences and satellite repeats (Gong et al., 2012) . Most of the centromeric satellite repeats in potato were amplified recently from retrotransposon-related sequences and are not present in wild Solanum species closely related to potato (Gong et al., 2012) . In addition, different centromeric haplotypes were found to be associated with three potato centromeres, including haplotypes containing megabase-sized satellite repeats and haplotypes that do not contain the same repeats (L.S. . Thus, potato centromeric DNA appears to be under ongoing and rapid evolution. To further understand the evolution of centromeric DNA in Solanum species, we conducted genome-wide analysis of DNA sequences associated with the cenH3 nucleosomes in Solanum verrucosum (2n=2x=24), a wild species closely related to potato. Centromeric DNA sequences extracted from potato and S. verrucosum allowed for direct comparison of five pairs of homoeologous centromeres (Cen2, Cen4, Cen7, Cen9, and Cen10) in the two species. We demonstrate a rapid divergence of the centromeric sequences between these two closely related species. We hypothesize that centromeric satellite repeats may undergo boombust cycles before a favorable repeat is fixed in the population.
RESULTS
DNA Sequences Associated with cenH3 Nucleosomes in S. verrucosum S. verrucosum is a wild species that is most closely related to potato and was proposed as the progenitor of cultivated potato (Hawkes, 1990) . Sequence analysis of the mitochondrial genomes revealed that S. verrucosum is the maternal ancestor for all Mexican polyploid species (Sanetomo and Hosaka, 2013) . Recent cytogenetic studies also confirmed that S. verrucosum is the possible "A" genome donor of polyploid Solanum species (Pendinen et al., 2012) . Cultivated potato is an autotetraploid and contains four copies of the A genome (2n=4x=48, AAAA).
We developed an antibody against the cenH3 protein in potato (Gong et al., 2012) . This antibody recognized S. verrucosum centromeres in high specificity ( Figures 1A to 1C) . We conducted chromatin immunoprecipitation (ChIP) in S. verrucosum using this antibody. The immunoprecipitated DNA was labeled as a probe in fluorescence in situ hybridization (FISH) on meiotic pachytene chromosomes. The centromeric regions, visible as the primary constrictions, can be unambiguously identified on S. verrucosum pachytene chromosomes because these regions were distinctly less stained by 49,6-diamidino-2-phenylindole (DAPI) than the pericentromeric heterochromatin ( Figure 1D ). Strong ChIP-FISH signals were clearly visible on at least four centromeres (white arrows in Figures 1D to 1F ). These strong FISH signals were likely derived from highly repetitive sequences associated with cenH3 nucleosomes because such centromeric repeats would be enriched in the immunoprecipitated DNA, thereby resulting in strong hybridizations. By contrast, unambiguous FISH signals were not detected on several other centromeres (white arrowheads in Figures 1D to 1F ), suggesting that these centromeres are likely composed of single-or low-copy sequences. We observed similar ChIP-FISH signal patterns in cultivated potato (Gong et al., 2012) . Thus, both potato and S. verrucosum appear to include centromeres containing highly repetitive sequences and centromeres composed of primarily low-copy sequences.
Punctuated ChIP-FISH signals were visible at the ends of most pachytene chromosomes (green arrowheads in Figure 1F ), suggesting that S. verrucosum centromeres contain telomere-similar repeats, which were reported previously in several other Solanum species (Tek and Jiang, 2004; He et al., 2013) . We also observed several major FISH signals in pericentromeric regions that immediately flank the primary constrictions or in interstitial regions (green arrows in Figure 1F ). These signals are likely derived from repeats located both in and outside of the centromeres.
Homoeologous DNA Sequences Detected in Cen9 of Potato and S. verrucosum
To characterize the cenH3-associated DNA sequences in S. verrucosum, we conducted Illumina sequencing of a DNA sample derived from ChIP (ChIP-seq). We generated 4.13 million paired-end sequence reads (100 nucleotides) and mapped 0.65 million reads to the potato reference genome, which was developed from the homozygous doubled monoploid clone DM1-3 (Xu et al., 2011) . We did not detect any ChIP-seq sequence enrichment in 11 of the 12 potato chromosomes. However, enrichment was detected between 17.28 and 17.78 Mb in chromosome 9, which is located within the cenH3 binding domain of Mb) of potato (Gong et al., 2012) (Figure 2 ). Two factors may explain the lack of unique sequences mapped to the rest of the 11 potato centromeres. First, ChIP-FISH results showed that several S. verrucosum centromeres may contain exclusively repetitive DNA sequences (Figure 1 ). These centromeric repeats in the ChIP-seq data set will be excluded in the sequence mapping process. Similarly, six of the 12 centromeres (A) Distribution of the density of cenH3 ChIP-seq reads from DM1-3 potato along chromosome 9 of the DM1-3 reference genome (read number per million reads in 10-kb windows). This ChIP-seq result was reported by Gong et al. (2012) . Repeat clusters are represented by dots and their positions reflect genomic abundance of corresponding repeats (x axis) and their enrichment in ChIP-seq data (y axis). The y axis is the ratio of ChIP-seq sequence reads to genomic sequence reads for each repeat cluster and is in logarithmic scale. The x axis is the genome proportion of the genomic sequence reads for each repeat cluster. Only the largest clusters representing repeats with genome proportions >0.06% are shown. Clusters with ChIP-seq enrichment >7-fold selected for cytological analysis are marked with numbers.
[See online article for color version of this figure. ] in DM1-3 contain only satellite repeats and these repeats will not be well assembled in the reference genome; therefore, the sequences derived from the same centromeres of S. verrucosum will not be detected. Second, the single-and low-copy sequences in potato and S. verrucosum centromeres may have been evolving rapidly. The originally homologous S. verrucosum centromeric sequences have significantly diverged from those of DM1-3 in the same centromeres and can no longer be mapped to the DM1-3 genome using a standard mapping process. Therefore, these results reveal a general picture of very rapid divergence of the centromeric DNA sequences in these two closely related species.
Computational Identification of Repetitive DNA Sequences Enriched in Centromeres
ChIP-FISH revealed that several S. verrucosum centromeres may contain long arrays of satellite repeats ( Figures 1D to 1F ). To isolate these repeats, we first generated shotgun Illumina reads (100 nucleotides) from genomic DNA of S. verrucosum. We used a similarity-based sequence clustering approach (Macas et al., 2007; Novák et al., 2010) for de novo identification of repetitive DNA sequences from five million randomly selected sequence reads. The sequence proportion (%) of each computationally identified repeat family was estimated based on the number of sequence reads associated with individual clusters. We then mapped the cenH3 ChIP-seq reads to the repeat clusters and calculated the ratio of ChIP-seq reads to genomic reads associated with each cluster (Figure 3 ). This ratio is indicative of the level of enrichment of each repeat family in the centromeres. Potential satellite repeats were then identified based on their reconstructed consensus sequences and structure of the cluster graphs (Novák et al., 2010) . We selected nine clusters for further analysis. Each of these nine clusters contained an abundant repeat (with a sequence proportion >0.1% of the genome) and the putative repeat had a minimum ratio of "ChIP-seq reads/genomic reads" of 7 ( Figure 3 , Table 1 ).
Cytological Confirmation of the Computationally Identified Centromeric Repeats
Primers were designed from each of the putative centromeric repeats (Supplemental Table 1 ). A single band with a size similar to the computational prediction was amplified from the genomic DNA of S. verrucosum for all selected repeats. The amplified DNA fragments were cloned and confirmed to contain desired repeats by sequencing (see Table 1 for GenBank accession numbers). The repeat clones were then labeled for FISH analysis.
Several repeats were found to be specific to one or two centromeres. Both Sv44 ( Figure 4A ) and Sv14 (data not shown) hybridized specifically to Cen4 (Table 2 ). Sv161 represents a very complex cluster consisting of several subclusters. Primers were designed from two subclusters, Sv161.5 and Sv161.6. Both DNA fragments were mapped to Cen7 ( Figure 4B , Table 2 ). Sv54 hybridized to two different centromeres: Cen2 and Cen10. The Sv54 array in Cen10 appeared to be much longer than the array in Cen2 based on the size and intensity of the FISH signals ( Figure 4C , Table 2 ). Sv123 also hybridized to both Cen2 and Cen10. FISH signals from Sv54 and Sv123 overlapped on the two centromeres ( Figure 4D ).
Three different repeats hybridized to all centromeres. Sv98 produced strong hybridization signals in most centromeres with a few centromeres showing relatively weak signals (Figures 5A and 5B). Signals generated from Sv43 were much weaker than those from Sv98; however, the intensity of the Sv43 signals was similar among different centromeres ( Figures 5C and 5D ). The patterns of FISH signals derived Sv98 and Sv43 were highly similar to those associated with the centromeric retrotransposon CRR in rice (Cheng et al., 2002b; Nagaki et al., 2005) . Thus, these repeats may have spread to all centromeres via mechanisms similar to the CR retrotransposons reported in various plant species (Nagaki et al., 2005; Du et al., 2010; Neumann et al., 2011) . Sv132 produced weak and dispersed signals in both centromeric and pericentromeric regions of all chromosomes ( Figures 5E and 5F ).
The Sv209 repeat is a degenerate telomeric sequence and shows sequence similarity to the St49 repeat in potato. PCR primers were difficult to design from such short and degenerate sequences. FISH using the St49 probe from potato (Gong et al., 2012) showed that about half of the S. verrucosum centromeres contain a considerable amount of telomere-similar sequences ( Figures 5G and 5H ). (A) Repeat Sv44 was mapped to Cen4 together with BAC clone 162B09 (arrows), which is specific to the short arm of chromosome 4. (B) Repeat Sv161.5 was mapped to Cen7 together with BAC clone 186I02, which is specific to the short arm of chromosome 7. (C) Repeat Sv54 was mapped to Cen2 and Cen10 together with the 45S rDNA probe (white arrows), which is specific to chromosome 2, and BAC 178K07 (red arrows), which is specific to the short arm of chromosome 10. (D) Repeats Sv123 (red) and Sv54 (green) were mapped to the same two centromeres. Note: The acrocentric chromosome 2 can be readily identified by the locations of Sv123/Sv54 toward the end of the chromosome. Bars = 5 µm. Single-and low-copy sequences Sv54, Sv123 repeats d Cen11
Single-and low-copy sequences Sequence data not available Cen12
Single-and low-copy sequences Sequence data not available a The St24 repeat is homologous to the Sv161.5 repeat in S. verrucosum. b Sv161.6 is homologous to the St57 repeat in potato. c The St18 repeat was detected in the centromere of an unidentified S. verrucosum chromosome, which is not Cen9 (Gong et al., 2012) . d The Sv54 repeat hybridized to potato chromosome 9 ( Figure 7I ).
The Structure of the Centromeric Satellite Repeats Revealed by Fiber-FISH
The overlapping FISH signals derived Sv44-Sv14, Sv54-Sv123, and Sv161.5-Sv161.6 probe pairs indicated that each pair of repeats is likely derived from different parts of the same repeat monomer but were separated into different clusters or subclusters during the computational analysis. We conducted dual-color fiber-FISH experiments to reveal the relationship of these three pairs of DNA probes. The fiber-FISH signals from Sv44 and Sv14 were always associated with the same DNA fibers ( Figure 6A ). DNA fibers associated exclusively with Sv44 or Sv14 were not observed. These results confirmed that Sv44 and Sv14 represent different parts of the same satellite repeat monomer. Similar fiber-FISH results were obtained for the Sv54-Sv123 and Sv161.5-Sv161.6 probe pairs ( Figures 6B and 6C) . The fiber-FISH signals derived from the Sv14 and Sv44 probe pairs were primarily overlapping, frequently resulting in yellow fluorescence dots on DNA fibers ( Figure 6A ). This result suggested that these two DNA fragments are closely adjacent to (D) and (E) were derived from dual-color fiber-FISH using two probes. The signals from the two probes were merged, converted into gray images, and digitally straightened. The straightened images were then pseudocolored into red for better contrast. each other within the same repeat monomer. This prediction was confirmed by PCR amplification of an ;2-kb fragment by a combination of Sv14 reverse primer Svr14-R1 and Sv44 reverse primer Svr44-R1 (Supplemental Table 1 ). In comparison, the fiber-FISH signals derived from the Sv123 and Sv54 probe pairs rarely overlapped ( Figure 6B ). The densities of the fluorescence spots of the fiber-FISH signals derived from these two pairs of probes were lower than those derived from contiguous DNA sequences, suggesting that the true monomer associated with these two repeats contain additional sequences that yet to be cloned.
Fiber-FISH also allowed direct measurements of the lengths of the three centromeric satellite repeat arrays. The Sv161.5/ Sv161.6 repeat array spanned only 50.3 6 9.8 kb (n = 20) ( Figure  5C ). The Sv54/Sv123 repeats generated a large FISH signal on Cen10 and a smaller signal on Cen2 ( Figure 4C ). Fiber-FISH signals derived from the Cen2 array cannot be unambiguously identified because each short signal could be broken from a long signal derived from the Cen10 array. Measurements on several long fiber-FISH signals revealed that the long Sv54/Sv123 array spanned 1442.6 6 248.8 kb (n = 9) ( Figure 6D ). The Sv14/Sv44 array was measured to be several megabases, which reached the upper limit of fiber-FISH detection. The average length of the four longest fiber-FISH signals from the Sv14/Sv44 probes was 4017.1 kb, ranging from 3334.9 to 4591.7 kb ( Figure 6E ).
The cenH3 binding domains of potato centromeres range from 1063 to 2404 kb (Gong et al., 2012) . Thus, we predict that the Sv54/Sv123 array in Cen10 and Sv14/Sv44 in Cen4 likely span the entire cenH3 binding domains of these two centromeres.
Origin of the Centromeric Repeats
Several of the identified centromeric repeats showed sequence similarities to Ty3/gypsy retrotransposons. However, only Sv98 was found to have a typical LTR-retrotransposon structure. This element represented a member of the centromere-targeted CRM clade of retrotransposons (Neumann et al., 2011) . Other repeats appeared to be amplified from scrambled retrotransposon-related sequences (Table 1 ; Supplemental Figure 1 ). This was, for example, evident for the Sv14/Sv44 sequences that proved to be parts of a single tandem repeat with monomer length of ;2.7 kb and showed partial similarity to a LTR retrotransposon chromodomain sequence (Supplemental Figure 1) . The Sv161 repeat shared sequence similarity with the St24 and St57 satellites from potato, both amplified from retroelements (Gong et al., 2012) . Partial retrotransposon similarities and similar graph structures were also observed for repeats Sv54 and Sv123. These results suggest that most of the centromeric repeats in S. verrucosum were amplified directly from retrotransposons or from scrambled sequences originally derived from retrotransposons.
Evolution of the Centromeric Repeats in Solanum Species
To reveal the evolution of the centromeric repeats identified in S. verrucosum, we selected a set of four diploid Solanum species (Table 3) for FISH mapping. DM1-3, representing cultivated potato, is a homozygous doubled monoploid clone that has been fully sequenced (Xu et al., 2011) . Solanum jamesii (B genome species), Solanum chomatophilum (P genome species), and Solanum palustre (E genome species) are wild diploid potato species with different evolutionary distances from cultivated potato (Lou et al., 2010) .
Sv14/Sv44 did not generate FISH signals in any of the species examined (Table 3 ). Sv161.6 hybridized to Cen7 in both S. verrucosum and DM1-3 but did not hybridize to any other species (Table 3) . By contrast, Sv161.5 hybridized to Cen7 in S. verrucosum but to Cen1 in DM1-3 ( Figure 7C ). Sv161.5 did not hybridize to Figure 7F ). Sv54, specific to both Cen2 and Cen10 in S. verrucosum, hybridized to Cen9 in DM1-3 ( Figure 7I ) and to one copy of Cen2 in S. chomatophilum ( Figure 7L ). Sv123, by contrast, did not hybridize to DM1-3, but hybridized to one copy of Cen2 and one copy of Cen1 in S. chomatophilum ( Figure 7O ). Very weak FISH signals were also observed in several other centromeres in S. chomatophilum.
Repeats Sv98, Sv43, and Sv132, which hybridize to all centromeres in S. verrucosum, showed similar FISH signal patterns in DM1-3. However, the hybridization of these repeats in other species was either extremely weak or not detectable (Table 3) .
In summary, most centromeric repeats in S. verrucosum emerged recently, since these repeats were not detected in other wild species with different genomes. The massive Sv14/Sv44 array is specific to S. verrucosum. The Sv161 and Sv54 repeats appeared to have emerged in potato and S. verrucosum independently, since these repeats (Sv161.5 and Sv54) hybridized to different centromeres in the two species.
DISCUSSION
We previously demonstrated that Cen4 and Cen10 of potato contain exclusively single-and low-copy sequences. No satellite repeats were discovered in these two centromeres (Gong et al., 2012) . In comparison, both Cen4 and Cen10 in S. verrucosum contain megabase-sized satellite repeat arrays (Figure 4 ). These results suggest two possible evolutionary paths for these two centromeres. The ancestral Cen4 and Cen10, which predate the two species, were likely composed of single and low copy sequences. The Sv44/Sv14 and Sv54/Sv123 repeats invaded Cen4 and Cen10, respectively, in S. verrucosum after the divergence of the two species, whereas Cen4 and Cen10 of potato have maintained the single/low copy DNA composition ( Figure 8A ). Alternatively, the ancestral Cen4 and Cen10 contained the Sv44/Sv14 and Sv54/Sv123 repeats, respectively. These repeats were deleted in potato Cen4 and Cen10 after the divergence of the two species. Although centromeric satellite repeat arrays can expand and contract, resulting in different sizes of repeat arrays in different genotypes (Albert et al., 2010) , deletion of the entire repeat array in a centromere would be lethal to centromere function or result in neocentromere activation (Ishii et al., 2008; Ketel et al., 2009; Shang et al., 2013) . Thus, complete deletion of both repeats (Sv44/Sv14 and Sv54/Sv123) in both Cen4 and Cen10 in potato would be highly unlikely.
Potato Cen2 contains the St3.58 satellite repeat array that spans ;1500 kb (Gong et al., 2012) , whereas Cen2 of S. verrucosum contains the Sv54/Sv123 repeat. Thus, the ancestral Cen2 has been invaded by different satellite repeats since the divergence of the two species ( Figure 8B) . Interestingly, St3.58 is specific to Cen2 in potato, whereas Sv54/Sv123 hybridized to both Cen2 and Cen10. It is likely that the Sv54/Sv123 repeat originally emerged in one centromere and has since spread to a second chromosome.
A single satellite repeat is found in all centromeres in many animal and plant species. For example, all human centromeres contain the 171-bp a-satellite repeat, ranging from several hundreds of kilobases to a few megabases (Willard and Waye, 1987; Vafa and Sullivan, 1997) . However, several species contain multiple satellite repeats associated with different centromeres, including chicken (Gallus gallus) (Shang et al., 2010) , pea (Pisum sativum) , potato (Gong et al., 2012) , and common bean (Phaseolus vulgaris) (Iwata et al., 2013) . Our results from the two Solanum species are in favor of the concept that a centromeric satellite repeat may emerge initially in a single centromere and then spread to all centromeres. However, it is unknown how a satellite repeat spread to different centromeres, which cannot be explained by the classical unequal crossing over mechanisms since centromeric regions lack chromosomal crossovers (Yan et al., 2008) . It is interesting to note that at least one of the satellite repeats, Sv54/Sv123, has spread to two different centromeres in S. verrucosum. Similarly, most of the macrochromosomes in chickens contain a distinct satellite repeat. However, a 42-bp satellite repeat has spread to the centromeres of two macrochromosomes and several microchromosomes (Shang et al., 2010) .
It has been discovered recently that the CENP-A/cenH3 nucleosomes are highly phased with the 171-bp monomers of the a-satellite repeats in humans (Hasson et al., 2013) and with the 155-bp CentO satellite repeats in rice . In addition, the CentO repeats have an ;10-bp periodicity in A/T dinucleotide pattern and in nuclease cleavage, suggesting that CentO has evolved to minimize its bending energy on cenH3 nucleosomes . Thus, some satellite repeats, such as the CentO repeat in rice, have evolved into a structure that can confer both translational and rotational phasing on cenH3 nucleosomes, which would be favorable for stabilization of the centromeric nucleosomes. Such repeats would be selectively maintained in the centromeres. The human a-satellite repeat has been found in both old and new world monkey species (Willard, 1991) ; thus, this repeat has occupied the centromeres of primate species for nearly 40 million years (Horvath and Willard, 2007) , while no other satellite repeats have conserved among all of these primate species. Similarly, the centromeric satellite repeats from several distantly related grass species, including CentO from rice and the 156-bp CentC repeat from maize (Zea mays; Ananiev et al., 1998) , share sequence similarity within an 80-bp region (Lee et al., 2005) .
It is intriguing that some plant and animal species contain multiple centromeric repeats. Interestingly, most of the centromeric satellite repeats identified in chicken, and both potato and S. verrucosum do not have the structure ideal for cenH3 nucleosome organization. In Figure 8 . Models of Centromere Evolution in Solanum Species.
(A) The ancestral centromere of chromosome 4 of Solanum species contained only single-and low-copy sequences, including low density of genes (red vertical bars). Potato Cen4 has mainly maintained this DNA composition. However, a satellite repeat (yellow) has invaded the Cen4 of S. verrucosum, which pushed the original centromeric sequences into the pericentromeric regions. (B) The ancestral centromere of chromosome 2 of Solanum species contained only single-and low-copy sequences. This centromere has been invaded by different satellite repeats (green and brown, respectively) in both species. fact, none of these repeats has a monomer size typical for a single nucleosome (150 to 180 bp). The monomers of the potato centromeric repeats range from 979 bp to >5 kb (Gong et al., 2012) . The monomeric sizes of the S. verrucosum centromeric repeats have not been determined, but they are >390 bp. We hypothesize that centromeric satellite repeats may undergo boom-bust cycles of evolution. A structurally favorable repeat will eventually emerge and will spread to other centromeres via poorly understood mechanisms. Such a repeat, such as the a-satellite repeat in humans, would then be fixed in the population and may survive for an extremely long period of time in evolution.
METHODS

Plant Materials
Solanum verrucosum (2n=2x=24, PI275260 and PI570643), a diploid wild potato species, was used for ChIP and cytogenetic studies. A homozygous doubled monoploid (2n=2x=24) clone, DM1-3 516R44 (DM1-3), was used to represent cultivated potato (Solanum tuberosum) for evolutionary studies. Three wild diploid Solanum species, including Solanum jamesii (B genome, PI620869), Solanum chomatophilum (P genome, PI243340), and Solanum palustre (E genome, PI558245), were also used in evolutionary studies. Seeds of all wild Solanum species were obtained from the USDA/ARS Potato Introduction Station, Sturgeon Bay, WI.
ChIP, ChIP-seq, and Mapping of ChIP-seq Reads to the Potato Genome ChIP and ChIP-seq were performed as previously described (Gong et al., 2012) . Sequence reads generated from ChIP-seq were aligned to the recently released potato genome sequence map derived from the DM1-3 clone (PGSC_DM_v3_2.1.10_pseudomolecule downloaded from http:// potatogenomics.plantbiology.msu.edu/) using Bowtie (Langmead et al., 2009 ).
Repeat Identification and Characterization
Similarity-based clustering, repeat identification, and classification in a set of randomly selected five million paired-end whole-genome shotgun (WGS) Illumina reads was performed using RepeatExplorer pipeline (Novák et al., 2013) . Investigation of cluster graphs was performed using the SeqGrapheR program (Novák et al., 2010) . To identify repeats associated with cenH3 nucleosomes, the ChIP-seq reads were mapped to contigs representing assembledcluster readsusing BLASTn (Altschul et al., 1997) with theparameters -m8 -b 1 -e 1e-8 -W 9 -r 2 -q -3 -G 5 -E 2 -F F. Each ChIP-seq read was mapped to a maximum ofone cluster, based on its bestsimilarity detected among WGS contigs. Cloning of selected centromeric repeats was done using PCRprimers designedaccordingtotheirreconstructedconsensussequencesderivedfrom contigs assembled for each repeat cluster (Supplemental Table 1 ).
PCR Amplification of Computationally Identified Repeats
PCR amplification was performed in a 25-mL reaction mixture containing 50 to 100 ng template DNA, 1 mM each primer, 0.5 mM deoxynucleotide triphosphate mix, 2.53 PCR buffer, and 0.625 unit Taq DNA polymerase. The thermal cycling for PCR comprised 35 cycles, each with 0.30-min denaturation at 95°C, 0.45 -min annealing at 54°C, and an extension of 1 min at 72°C. An initial denaturation (3 min at 95°C) was preceded and followed by a final extension step (7 min at 72°C). The PCR products were electrophoresed on 1.0% agarose gels and then purified using a MinElute PCR purification kit (Qiagen).
FISH, Fiber-FISH, and Immunofluorescence
Preparation of mitotic and meiotic chromosomes, FISH, and fiber-FISH were performed following published protocols Dong et al., 2000; Lou et al., 2010) . DNA probes for each centromere-specific satellite repeat were amplified by PCR from the S. verrucosum genomic DNA. Primers were designed from bioinformatically extracted repeat cluster (Supplemental Table 1 ). The amplified DNAs were labeled with either biotin-16-UTP or digoxigenin-11-dUTP (Roche Diagnostics) using a standard nick translation reaction. Chromosomes were counterstained with DAPI in Vectashield antifade solution (Vector Laboratories). The FISH images were processed with Meta Imaging Series 7.5 software. The final contrast of the images was processed using Adobe Photoshop CS3 software. The cytological measurements of the fiber-FISH signals were converted into kilobases using a 3.21 kb/mm conversion rate (Cheng et al., 2002a) .
Root tips harvested from plants were fixed in 4% (w/v) paraformaldehyde for 15 min at room temperature. The root tips were washed by 13 PBS three times, each for 5 min, and were squashed on glass slides. After removal of the cover slip, the slides were dehydrated using ethanol (70, 90, and 100%) and then incubated overnight in a humidity chamber at 37°C with the rabbit primary sera antibody against potato cenH3 diluted 1:500 in TNB buffer (0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl, and 0.5% blocking reagent). After three rounds of washing in 13 PBS, the slides were incubated with Cy3-conjugated goat anti-rabbit antibody (1:1000) at 37°C for 1 h. After three rounds of washing in 13 PBS, the slides dried at room temperature and the chromosomes were counterstained with DAPI.
Accession Numbers
Sequence data for the centromeric satellite repeat sequences can be found in the GenBank data library under accession numbers KF561463 to KF561473.
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